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Abstract: This paper proposes a 24-h ahead unit commitment for a diesel-photovoltaic (PV)-battery
system using mixed-integer linear programming (MILP) to minimize the operating cost which
includes the power storage system (PSS) in the reserve capacity. Considering the Kinmen island’s
winter peak load case of 20 MW, and summer peak load case of 60 MW, a 24-h schedule for the
diesel-PV-battery system island system for these two scenarios was optimized that allows the PSS to
perform both as an additional reserve capacity and peak-shaving auxiliary device. The results show
that the addition of PSS in the dispatch decision can allow the flexibility of the systems, especially in
the reserve allocation, to up to twice the value of the PSS capacity. In this way, the PSS reduces the
early startup and late shutdown of high-cost units while maintaining the system reserve, thereby,
reducing the operating cost of the system.

Keywords: power storage system; unit commitment optimization; renewable energy; island grid

1. Introduction

In the past 20 years, the power generation cost of renewable energy and power storage
systems (PSS) has been greatly reduced. This represents the use of renewable energy to
replace a certain percentage of traditional thermal units around the world. In particular,
power generation costs of the island systems are higher than those of large-scale power
systems because their smaller scale is more economically competitive. It can be expected
that more renewable energy will be added to island systems in the future.

Because island systems use diesel generators, the energy cost is usually higher than
that of large-scale power systems. In addition, island systems have special geographical
environments. The following are important economic issues for island systems [1].

The overhead power lines are susceptible to salt injury. Therefore, some island systems
will use underground cables for the power supply. Since underground cables are capacitive,
generators need to absorb additional reactive power. If the diesel engine absorbs too much
reactive power, it may cause the protection relay to trigger and let other generators trip,
and eventually cause power outages.

The addition of renewable energy will increase the uncertainty of the power system.
Therefore, the island system prediction technology of renewable energy becomes more
important. The planning and economic analysis of PSS are also important research topics.

Only a few generators operate when the island system is off-peak. According to the
N-1 principle, if one of the generators fails, it may cause serious power system accidents,
so it is necessary to explore the dispatch strategy.

In the power generation system, unit commitment (UC) has great significance, as it is
the determination of committed units during a scheduling period that is crucial to power
system operation [2]. Mixed-integer linear programming (MILP) is a common approach
to solve this mixed-integer combinatorial problem, but it does not traditionally schedule
the PSS. Many works of literature have studied the situation of island systems combining
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renewable energy and PSS. Some consider the fast response characteristics of storage
systems to maintain the stability of renewable energy by adding several types of reserves
in the system [3,4]. Others use PSS to reduce the curtailment of renewable energy [5,6], and
likewise, its volatility [7]. The PSS is also not a new peak-shaving solution. The PSS can be
used by itself [8] or can be combined with movable loads [9] to reduce the total operating
costs of the system through peak-shaving. However, studies on the use of the PSS in the
spinning reserve are still insufficient. Although the paper of Kwon and Kim [10] studied its
use as an additional ancillary service, they only considered it to solve the error in demand
forecast. Branco et al. [11] included the PSS in the reserve but only set limited participation
from it in the spinning reserve.

This paper aims to study the scheduling system of the penetration of renewable
energy in Taiwan’s Kinmen Island to reduce power system accidents, including unexpected
situations, small-scale disturbances, and changes in load or renewable energy output during
normal operation, by allowing full participation from the PSS in the reserve schedule. This
study simulated two cases with two load conditions, minimum and maximum, to analyze
the system’s robustness in handling both up- and down-spinning reserve constraint to
mitigate power system accidents. In the case of safe and stable power system operation,
this paper considers the scheduling of both generators and PSS to minimize the economic
costs of the system.

The research architecture is shown in Figure 1. The input of the model was the load
and PV profiles, from which the net load was computed, and the generator constants.
The optimization problem included the objective function and system constraints. Then,
the MILP was used to calculate the corresponding unit commitment and dispatch for the
diesel units (DU), and likewise the charge-discharge power and state-of-charge (SOC) of
the battery.

24 h Ahead Unit Commitment

MILP

{objective and system
constraints)

-
Load and PV profiles

DU commitment and dispatch |

Generator Constants ESS charge—discharge power and SOC

Figure 1. The architecture of the research.

2. Problem Formulation
2.1. Linear Programming

Linear Programming (LP) is a method of describing problems by mathematical equa-
tions and inequalities and then using mathematical methods to find the best solution. This
means that the problem of linear programming is expressed in a set of simultaneous linear
inequalities or equations under many constraints, and the maximum or minimum objective
function. The linear programming model is composed of objective, constraint, decision
variable, and parameter components.

2.2. Objective Function

The purpose of this study is to determine the commitment and dispatch of power from
both diesel generators and batteries that would minimize the operating cost. Therefore,
the paper calculated two types of operating costs: diesel generator and startup cost. The
objective function was formulated as follows, where F is the total operating cost, T is the
total scheduling period, C is the linearized fuel cost of the diesel generator, and Cs; is the
startup cost:

T
Min F = ) C(t) + Cs(t) 1)
t=1
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2.3. Diesel Generator Model

The fuel cost function of the diesel generator n (FC,;) can be expressed by a quadratic
equation [2], as shown in Equation (2).

FCu(Pu(t)) = an + buPy(t) + cuP2(t) 2)

where a,, by, and ¢, are the fuel cost constants of the unit and P, (t) is the output power of
the diesel generator at a specific hour.

A non-linear characteristic curve is used to describe the relationship between the
output power of the diesel generator and the fuel consumption cost, and there will only be
a one-line segment at each given time. The linearized fuel cost of the diesel generators [1]
is, therefore, in Equation (3).

N
C(t) = Z:l uﬂ(t) [Pﬂ(t)“n,i + ,Bn,iBn,i(t)] (3)

In Equation (3), P, is the power output of the generator corresponding to each line
segment i of the characteristic curve, represented by a set of linear segments. The cost C(t)
of generating diesel power P, is obtained from the non-linear characteristic curve. For
every generator 7, there is a gradient «,, ; of segment 7, an intercept on the ordinate axis 3, ;
of segment i, and a binary variable B, ; representing the start of the segment i.

1
Byi(t) <1 4)

i—=1

Bn(t)Pn,Lmin <P (t) < Bn(t)Pn,i,max (5)

For the diesel generator model, it must be ensured that only one segment can be
analyzed at a time, so Inequality (4) is used to describe this constraint. Equations (3)—(5)
are used to ensure the output power of the diesel generator is in the range of the minimum
Py, i min and maximum P, ; ,,,, of the segment. The startup cost of diesel generators Cs;
is shown in Equation (6), where st is the startup cost of the generator. Uy, is a binary
variable of the operating state of the diesel generator n.

Cst = stp,ice,n(lln(t) — Un(t — 1)) (6)

2.4. PSS Model

In Equation (7), Pj,, represents the output power of the battery. The values of discharge
power of the battery P is positive, while the charging P is negative. In addition, the
discharging efficiency #;,,; and the charging efficiency 7, are included.

Pln(t> = WIndPBd(t> +PBC(t)/nInc (7)

The battery’s state-of-charge (SOC) is shown in Equation (8) and describes the rela-
tionship between the charging and discharging power of the battery. The inequality in (9)
ensures that the SOC of the battery is within the minimum and maximum limits of the
SOC. Finally, with B; and B, as the binary variables for the discharging and charging state
of the battery, respectively, Equation (10) should be satisfied to ensure that the battery does
not discharge and charge at the same time.

SOC(t) = SOC(t = 1) = 0t(MinaPpa(t) + Ppe(t) /Mpnc) ®)

SOCmin S SOC(t) S SOCmax (9)
By(t) + Be(t) <1 (10)
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In Inequalities (11) and (12), the power limitation of the charging and discharging
power of the battery is formulated. Pg; ,,x and Pp;_ 4y are the maximum values of battery
discharging and charging power, respectively.

0< PBd(t) < PBd_made(t) (11)

- PBcfmach(t) < PBc(t) <0 (12)

2.5. System Constraints
2.5.1. Power Balance Constraint

At any given time, the power generated by the PV and diesel generators, plus the
discharging and charging of the battery, should be equal to the load demand. Equation (13)
shows the power balance constraint where Prr is the power from the renewable energy, in
this case PV, and P; is the load demand.

N
PR () + Pra(t) + ) _Pu(t) = PL(t) (13)
n
2.5.2. Minimum Startup Time and Shutdown Time

Because the changes of temperature and pressure for thermal power generators are
slow, in order to prevent frequent operation and comply with the characteristics of thermal
power generators, the minimum time of startup and shutdown are formulated as follows.

X'(t) = My (14)
X (v = M’ (15)
where X7 is startup time of the nth unit in period f, Xzf / is shutdown time of the nth unit

in period ¢, M is minimum startup time of the nth unit, and Mflf / is minimum shutdown
time of the nth unit.

2.5.3. Up-Spinning Reserve Constraint

In order to prevent the power system from insufficient power supply due to unex-
pected conditions (such as generator tripping or feeder short-circuit), or sudden large
changes in load or renewable energy, the reserve should be set. In addition to the power
generation required by the load, the additional power generation capacity of the system
must be planned for emergency dispatch. Equation (16) shows the up-spinning reserve
constraint where Psg, is the spinning reserve.

N
Z Pmax ) - Pﬂ(t)) + PBd_max(t) - 77InalPBal(iL) + > PSRup (16)

2.5.4. Down-Spinning Reserve Constraints

The reserve capacity mainly deals with emergencies of load changes, usually due to
feeder or transformer tripping. Based on experience, the down-spinning reserve can be set
from 10% to 15% of load demand [2]. Equation (17) shows the spinning reserve constraint
where Pspoun i the down-spinning reserve.

N
P
E Pmm +PBC max( ) BC( ) +n1ndPBd( ) > Psriown (17)

Inc
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3. Case Study
3.1. System Information

This study used the Kinmen power grid as the target system. Kinmen Island is a small
island directly west of Taichung City in Taiwan (R.O.C.), which is very near mainland
China. It has a 10 MW PV plant, two PSS with a total capacity of 1.8 MW /10.8 MWh, and
two fuel plants on the island. The first fuel plant has ten heavy fuel oil generators grouped
into three phases corresponding to the commissioning year of the generators. The second
fuel plant has four light fuel oil generators. The capacity, power limits, startup cost, and
time constraint constants of each generator in the two plants are shown in Table 1. The
quadratic form of the fuel cost constants (a, b, and c) was plotted and divided into three
segments. The three-segment piecewise linear fuel cost equations, in Equation (3) form,
are listed in Table 2. According to [12], light fuel oil (LFO) fuel constants are about three
times that of the heavy fuel; hence, parameters for the LFO were assumed to be thrice that
of heavy fuel.

Table 1. The simulation parameters of the diesel generators.

DG Minimum Maximum Startup Minimum  Minimum
Units Capacity Power Power Cost Time of Time of
(MVA) (MW) (MW) Startup Shutdown
Plantl_1~4 10.2 4 7.7 7 4 2
Plantl_5~8 9.7 41 7.8 7 3 2
Plant1l_9~10 13.8 5.5 10.5 10 5 3
Plant2_1~4 3.48 1.5 3 7 4 2

Table 2. The parameters for piecewise linear for the diesel generators.

Units Description  a; b; G Segment 1 Segment 2 Segment 3

Plantl_1~4 Phase I 15 19161 0.0661 2.53x +13.62 2.69x +12.76  2.85x + 11.71
Plantl_5~8 Phase II 13 1.8518 0.0657 2.47x+11.56  2.63x+10.7 2.8x +9.63
Plantl 9~10 Phase III 12 1.7966 0.0615  2.58x + 9.58 2.78x +8.11 2.99x + 6.3
Plant2_1~4 LFO - - - 2.53x + 30 2.69x + 21 2.85x + 18

Figure 2a shows the cost curve of the generators according to their range. Different
types of units have different working intervals, as listed in Table 1. Figure 2b shows the
average cost of power generation by dividing the cost (from Figure 2a) by the power
generation. The left end of each segment is the minimum operating power of the generator,
and the right end is the maximum operating power of the generator. The results showed
that the generator closest to a full load had higher efficiency. In this case, the Phase III
generators would be most efficient as their cost was lowest when operating at a higher
output. This is followed by Phase II (orange) and Phase I (blue).
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Figure 2. The (a) cost curve of the generators, and (b) average cost curve.

3.2. PSS Setting

Because this research considered the PSS in the reserve capacity, the SOC,,;;, and
SOCax were set to 22% and 78%, respectively, so that the PSS could still discharge for
another hour from the lowest point of SOC, and charge for another hour from the highest
point of SOC. These reserve capacity limitation conditions were considered in Equations (16)
and (17).

This study assumed that the charge and discharge cost of the ideal PSS was set to
0, the charge and discharge efficiency was 1, the initial SOC capacity was set to 50%, the
termination SOC capacity was set to 50%, and the SOC was calculated after the hourly
charge and discharge capacity was completed.

3.3. System Scenarios

Two 24 h optimizations were conducted to simulate the minimum load scenario
(case 1) and the maximum load scenario (2). The 24 h load profile was taken from one
year of historical data from the Kinmen grid. The day with the least power and the day
with the highest power were used as case 1 and case 2, respectively. However, for both
cases, though the PV was also taken from measured data, no cloud condition was used.
Therefore, the solar PV peak at 11 a.m. reached a peak of about 10 MW. Furthermore,
regular maintenance of three heavy oil units (Plantl_1, Plantl_8, Plant1_9) is conducted
during the summer, so these plants were considered shutdown for case 2.

Figure 3a shows the load and PV profiles for the minimum load scenario that had a
minimum load of 17MW occurring at 4:00 a.m. This specific day took place in the winter
season where most of the load occurred at night due to electric heaters being turned on by
island dwellers. There was no district heating present since the average winter temperature
was 16 °C during the day, and the lowest night temperature was around 3 °C.

Figure 3b shows the load and PV profiles for the day with a maximum load of 62 MW
occurring at 1:00 p.m. This load profile occurred in the summer. The increased energy
usage was due to switching on air conditioning units, especially during the day where the
temperature can reach 33 °C.
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Figure 3. Load and PV profile with the net load for (a) case 1: day with minimum load, and (b) case 2: day with maximum

load.

For both case studies, a fixed reserve was used. The up-spinning reserve limit was set
to 10 MW while the down-spinning reserve was 2 MW (based on a 20 MW minimum load).

4. Results

Using Equation (1) as the objective function, subject to the constraints in (3)—(17),
where the equations for (3) are found in Table 2, the optimization problem was solved
based on the conditions for cases 1 and 2. The modeling was done using Python and solved
using the CPLEX Python APIL.

4.1. Case 1

For case 1, the total cost of power generation was 2245kNTD (new Taiwan dollars),
the total startup cost was 14kNTD, and the total economic cost was 2259kNTD with a
total number of two startups. The result of the power flow for optimization for the day
with minimum load is shown in Figure 4. Note that the sumP (violet) is the net load that
also considers the charging and discharging of the PSS. In addition, the SOC (brown) is
expressed in percentage using the right y-axis.

In Figure 5, the power output of each generator for the day with the least load is
shown. Figure 5 shows that the system was mainly supplied by the two Phase III units
(Plant1_9 and Plant1_10), and a Phase II unit (Plant 1_6). In addition, two other Phase II
units only operated at certain hours. Plant 1_7 operated from 3:00 p.m. to 11:00 p.m., while
Plant 1_5 operated from 5:00 p.m. to 1:00 a.m. the following day.
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Figure 4. Case 1 power flow results.
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Figure 5. Case 1 hourly power generation of each fuel generator.
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Figure 6 shows the hourly up- and down-spinning reserve for the day with minimum
load. Notice that the up and down reserve changed whenever a generator turned off
(1:00 a.m. and 11:00 p.m.) or turned on (4:00 p.m. and 6:00 p.m.). The green and the dark
blue line shows the up and down reserve, respectively, this time considering the PSS as an
additional ancillary service.

e N\ et Load Up Reserve Limit Down Reserve Limit

DG max e DG Min e Jp Reserve (with ESS)

50
45
40

> \/\
30

A

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
hour

Figure 6. The up- and down-spinning reserve for the day with minimum load (case 1).

The up-spinning reserve was at the minimum up reserve at the 1st, 15th, 17th, and
23rd hours because of the transition of the system when a diesel generator turned off or
on. With this transition, the PSS operated to maintain the up-spinning reserve limit. At the
1st and 2nd hour, the PSS-available power was added to the operating reserve allowing
the shutdown of one unit. During the 15th and 17th hours, because of the increase in load,
an additional unit was turned on with the PSS providing small power outputs (compare
from Figure 4) for support and maintaining the up reserve limit. This was also seen at the
23rd hour when a unit shut down. This means that the system used the PSS to keep the
operating reserve at its limit.

The down-spinning reserve, on the other hand, was at the minimum from the 4th
to the 8th, 10th, and 12th hours. This may be due to the scheduled discharge of PSS in
the early hours, causing the SOC to be lower than 50% (see Figure 4 of SOC). During this
period, the use of the PSS was very limited until around the 10th hour. In addition, in the
4th to 11th hours, the gray line overlaps the dark blue line because the down-spinning
reserve was maintained at the boundary through small PSS charging and discharging
because of low SOC (compare with Figure 4 PSS_power and SOC).

Figure 7 shows the hourly power generation cost for case 1. It can be seen that even
though the net load increased from 16 MW (5th hour) to 30 MW (18th hour), the average
power generation cost decreased for these hours. It is reasonable to speculate that because
the only generators operating were of heavy diesel types, the cost (Phase III generators)
would not change and would be more economical when the load increases. Furthermore,
the low load would cause the generator to operate at low efficiency, as was also discussed
in Section 3.1, giving a higher power generation cost. The full-load condition of generators
increased the efficiency, allowing the average cost of power generation to slightly change.
The results show that the economic effect of using the PSS to doing peak-shaving in this
condition was not that significant.
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Figure 7. Hourly power generation cost for the day with minimum load (case 1).

4.2. Case 2

For case 2, the total cost of power generation was 4957kNTD, the total startup cost was
28kNTD, and the total economic cost was 4985kINTD with a total number of four startups.
Figure 8 shows the hourly power flow for the day with a maximum load while considering
three heavy oil plants (Plantl_1, Plantl_8, and Plant1_9) on shutdown mode. Again, the
sumP (violet) is the net load that also considers the charging and discharging of the PSS
while the SOC (brown) is expressed in percentage.

—— total_load
- net_load
60 —— spin_reser
— down_reser
— sumpP
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R ess_power S
50 { === pv_power \
40
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= 30
=
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Figure 8. Case 2 power flow result.
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As shown in Figure 9, when the load was heavy at the 12th and 13th hour, two LFOs
(Plant2_1 and Plant2_4) were turned on. Plant2_1 was turned on from the 12th to the 15th
hour, while Plant2_4 was turned on from the 13th to the 21st hour. In addition, the startup
and shutdown time of each generator all met the constraint of minimum startup time and
shutdown time in the period.

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
hour

Figure 9. Case 2 hourly power generation of each fuel generator.

In the case of peak load, because many generators were working at/near their maxi-
mum capacity, the down-spinning reserve was sufficient for the system. From Figure 10,
the operating up-reserve (green) was maintained at the up-spinning reserve constraint,
especially for the 16th to 18th hours where the charging and discharging of the PSS just met
the spinning reserve constraint. As seen in the crisscrossing of the up-reserve limit (orange),
and the diesel’s maximum output (yellow), the PSS provided for additional reserve so that
the use of the diesel generator could be reduced. This result highlights the importance of
the PSS.
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Figure 10. The operating reserve and load for the day with maximum load (case 2).

Figure 11 shows the hourly cost of power generation. From the Oth to 11th hours, if
there were only heavy fuel units, the power generation cost was just around 4.5 NTD/kWh.
When the LFO units were turned on at the 12th and 13th hours, during peak load hours,
the power generation cost increased significantly, as shown in the red block in Figure 12.

5.4

5.2

4.8

4.6

4.4

1000 NTD/MWh

4.2

3.8

0o 1 2 3 4 5 6 7 8
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Figure 11. The hourly average power generation cost for the day with maximum load (case 2).
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Figure 12. Hourly average cost of energy and PSS power output for case 2.
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By comparing the average fuel cost with the charging and discharging power of the
PSS, as seen in Figure 12, it can be noticed that during the peak hours (12th-21st hour) the
cost was high when the PSS discharged, and decreased when the PSS charged at the 16th to
18th hours. To reiterate, at the 12th and 13th hours, the LFOs turned on, and the PSS in this
case provided power to transition into the system. When the system had stabilized, the
PSS charged to lessen the cost during the peak hours, then discharged again when support
was needed during generator shutdown. This can prove that the PSS had the function of
peak-shaving in this case.

5. Discussion

Though this research only considers solar PV renewable energy, it is expected that
other renewable energy sources, such as wind power generation, can be added and ana-
lyzed in the future. The same model can be used, but this time the inclusion of the output of
wind power in renewable energy would be required. The use of net load, instead of actual
load power, will help better understand the behavior and effects of PSS in the system.

For the case study of the Kinmen Island power grid, during low load conditions, the
use of the PSS may not be seen as economical. This is mainly because only a few generators
were online, and those online generators were of a low fuel cost type. Since almost the
same generators were online, the range of the power generation cost was small, and the
effect of the charging and discharging of the PSS was barely seen. However, the available
full-power range from the PSS (£1.8 MW or 3.6 MW) was used, and the large decrease in
cost (however small in range) usually corresponded to the charging of the PSS.

On the other hand, for case 2, the peak-shaving, as well as the cost saving brought by
the use of the PSS, was evident. In the simulations, the PSS helped the system to stabilize,
in terms of the reserve, by acting as a load or a source when there was generator turn-on or
turn-off. Though the high peak load happened during high PV output, the shaving of the
low load condition was seen, where the PSS acted as a load to flatten the net load. Again,
the full charging—discharging range of the PSS (£1.8 MW or 3.6 MW) was used in this
condition. Furthermore, cost reductions could be seen with the use of PSS.

In power systems, the PSS has several functions, such as frequency regulator and
auxiliary support for intermittent renewable energy. For this case study, not only did
the PSS act as a peak-shaving device, but we also saw how the PSS provided support to
maintain the spinning reserve limits, which usually happened during the turning on/off of
generators. This furthers the maximization of the use of PSS as it may help prevent earlier
or later startup or shutdown of generators to maintain the spinning reserve.

6. Conclusions

In this research, the use of the 1.8 MW /10.8 MWh PSS of the Kinmen power grid
was investigated as an additional up- and down-spinning reserve capacity, in contrast
to traditional economic dispatch. The optimization problem was modeled so that the
charging and discharging of the PSS achieved the peak-shaving function in order for the
diesel generators to provide more reserve to the system.

At low load power conditions, the Kinmen power grid may only have two to three
units operating, and if all these units are operating at their minimum capacity, it will not
be able to cope with drastic load changes. Therefore, this study proposed a more robust
power dispatch by including the PSS in both up and down-spinning reserve constraints.

This study has shown how the PSS was able to maintain the reserve especially in the
transition stages of the system. The PSS was found to have prevented too many generators
online, or the early turning-on or late turning-off of generators, so that it could reduce the
operating cost of the system by charging the PSS at off-peak hours and discharging during
peak hours. The PSS can also provide a maximum reserve capacity of twice its available
power range for the flexibility of the system.
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